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Abstract

Mastication is the process of chipping or shredding components of the tree canopy or above-ground vegetation to
reduce the canopy, alter fire spread rates, and reduce crown fire potential. Mastication as a fuel treatment, either
alone or in combination with prescribed fire, has been the subject of much research. This research has shown that
modeling expected fire behavior in these fuels is challenging. Masticated materials from different ecosystems are
unique and may react differently to fire. Therefore, there are no standard guidelines to help managers understand
the potential fire behavior in treated areas. In this study, we evaluated burn characteristics for several mixed-conifer
masticated fuels that range from 0 to 10 years since treatment. Overall, there was great variety in observed fire
behavior, and time since treatment did not affect fire behavior characteristics. The method used to masticate fuel
has some impact on burning, with larger pieces of fuel tending to act as a barrier to fire spread. From our limited
experimental burns, fire behavior in the laboratory was best represented by the SB1 (low load activity fuels) fuel
model. These results may not reflect how variations in fuel bed moisture and in situ environment would alter fire
behavior characteristics in masticated fuels in management units.
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Cover photo: Masticated fuel from the Santa Fe National Forest, New Mexico, is burned under controlled conditions
to characterize fire behavior.
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Introduction

Mastication is the process of chipping or shredding components of the tree canopy
or above-ground vegetation to reduce and protect against fire incursion into areas
such as the wildland-urban interface (WUI). In recent years, mastication has gained
popularity as a fuel treatment because it (1) effectively redistributes fuel from the
tree canopy to the ground to reduce or eliminate the danger of fire in tree and shrub
canopies (Battaglia et al. 2010); (2) may reduce detrimental effects on human health
from smoke that occurs when prescribed burning is used to manipulate the fuel load
(Naeher et al. 2006; Weinhold 2011); and (3) affects the probability of fire occur-
rence across landscapes by changing spread rates and reducing crowning behavior
(Cochrane et al. 2012).

Mastication has been used either singly as a fuel treatment (Battaglia et al. 2010;
Perchemlides et al. 2008; Wolk and Rocca 2009) or in conjunction with prescribed
fire to reduce fuel (Bradley et al. 2006; Brewer et al. 2013; Keeley et al. 2013; Knapp
etal. 2011; Kreye and Kobziar 2015; Mclver et al. 2013; Reiner et al. 2009; Schwilk
et al. 2009; Shakespear 2014; Southworth et al. 2011; Stottlemeyer et al. 2015). Most
land management agencies leave masticated materials on the ground because it can
provide other benefits such as improved nutrient cycling or wildlife habitat (Bradley
et al. 2006). In addition, it can be difficult to burn a unit because of restrictions (e.g.,
smoke limits), limited windows for burning, and cost. However, prescribed fire,
either alone or in conjunction with mastication, reduces surface fuel load in treatment
areas making it a desirable treatment option (Brennan and Keeley 2015; McDaniel
2013).

The use of mastication alone as a fuel treatment for local fire-adapted vegetation
communities has been examined by a number of researchers within the past few years
(Kobziar et al. 2013; Mclver et al. 2013; Schwilk et al. 2009). The arguments against
a “mastication only” treatment range from vegetation losing its adaptation to fire in
the absence of burning to prescribed fire treatments being necessary to produce the
chemical or natural ecological effects required by a plant community (Mclver et al.
2013). In some areas of the U.S., such as the southeast, mastication treatments must
be revisited often because the shrub layer grows so rapidly after the treatment that
it is rendered ineffective after as little as 2 years. Regrowth does not typically occur
as quickly when mastication is followed by prescribed burning (Kobziar et al. 2013;
Kreye et al. 2013; Kreye and Kobziar 2015).

Combining mastication treatments with prescribed fires can be problematic for
managers for several reasons. Scheduling prescribed fires can be difficult once fuels
have been masticated because of the narrow burn window available for burning such
a fuel bed. Burning masticated sites increases in complexity when the treatments
are within the WUI as there is potential for property damage should the fire escape
(Bass et al. 2012; McDaniel 2013). It may be difficult to get approval to burn a
management unit because of air quality regulations, leaving mastication alone as the
only viable treatment option. Depending on weather and fuel conditions, prescribed
fires may burn longer, and the depth of the flame zone may be greater. The resulting
increase in consumption may lead to a higher total energy release, adversely affecting
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Methods

Site Description

roots and underground vegetative structures, and thereby affecting regeneration
(Agee and Skinner 2005; Perchemlides et al. 2008; Stottlemeyer et al. 2015).

Because masticated materials from different ecosystems may burn differently,
there are no standard guidelines to help managers make decisions on whether or not
to burn these materials. Fire behavior modeling is used to estimate the range of fire
behavior that may occur in a treatment area. Anderson (1982) and Scott and Burgan
(2005) developed standard fuel models to help managers estimate fire behavior in
typical forest conditions, including activity fuels (e.g., slash). Masticated fuels form
novel fuel beds, and standard fuel models may not represent the fire behavior seen
in these fuel beds (Dickinson et al. 2013; Glitzenstein et al. 2006; Knapp et al. 2008,
2011; Kreye et al. 2012; Schiks and Wooten 2015) because of the changes to the 1-hr
and 10-hr time lag fuels (e.g., fuel load and surface area-to-volume ratio) that are
needed for modeling fire behavior (Rothermel 1972).

Several studies have attempted to use the fire behavior models described by
Anderson (1982) and Scott and Burgan (2005) to predict fire behavior in masticated
fuels. In California and southwest Oregon, Knapp et al. (2008) and Busse et al.
(2005) tested burns in chaparral (Arctostaphylos and Ceanothus spp.). They conclud-
ed that, of the standard fuel models, Scott and Burgan’s (2005) fuel models SB1 (low
load activity fuels) and SB2 (moderate load activity fuels or low load blowdown) best
predicted fire behavior for masticated materials in this vegetation type. In addition,
masticated fuel beds from ponderosa pine (Pinus ponderosa), Kellogg oak (Quercus
kelloggii), and chaparral (Ceanothus and Arctostaphylos spp.) were burned and the
resulting fire behavior was compared to modeled results using a number of standard
and custom fuel models, producing varying results (Knapp et al. 2011).

The purpose of this study was to characterize fire behavior for several types of
mixed-conifer masticated fuels from four States across the western U.S. using materi-
als that ranged in age from 0 to 10 years since treatment. Material from the sites was
burned in a series of laboratory experiments to answer the following primary research
questions.

1. What are the burn characteristics of the fuel beds produced by four different types
of masticators?

2. How well do the standard or published custom fuel models describe the
characteristics of these masticated burns?

Masticated materials were collected from 15 mixed-conifer forests in Idaho,
Colorado, New Mexico, and South Dakota (fig. 1; table 1). The masticated materials
varied in age from 0 to 10 years since initial treatment. The treated areas were com-
posed predominately of ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga
menziesii), western hemlock (7suga heterophylla), western white pine (Pinus monti-
cola), and western red cedar (Thuja plicata). At each site, 20 samples of masticated
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Figure 1T—Masticated fuels were collected at 15 different
sites in Idaho (6 sites), Colorado (3 sites), New Mexico
(4 sites), and South Dakota (2 sites). See table 1 for

site locations.
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materials were collected for analysis using the destructive plot method of Hood and
Wu (2006). Ten of these samples were used in the experimental burns. These samples
were first separated in the laboratory into the standard 1-hr, 10-hr, and 100-hr size
classes for particle characterization studies (Keane et al. 2018) and then recombined
as described below for use in the experimental burns. More information on the ex-
perimental protocol can be found in Keane et al. (2018).

Each fuel bed (fig. 2; table 2) was created on a burn platform consisting of an
aluminum frame with wire mesh and removable heat-resistant 0.5 inch (1.27 cm)
Thermal Ceramics Kaowool M Board (fig. 3). Experimental fuel beds were created
using the relative proportions of 1-hr, 10-hr, and 100-hr woody fuels; wood chips
(wood < 3mm thick); wood ribbons; litter; 1-hr and 10-hr bark; 100-hr bark; and bark
ribbons from each masticated site (Keane et al. 2018). Because duff load does not
contribute substantially to fire behavior at the flaming front, no duff from the sample
locations was used in the experimental burn beds. The masticated material from the
10 sample plots was combined, and three fuel beds were created as representations of
each study site. The amount of material selected in each fuel category was typically
based on the mean fuel load for each fuel category from the field site. Occasionally,
this mean seemed unreasonably high because of the variability in fuel deposition
resulting from the mastication process itself, which resulted in uneven distribution
of fuel across the site. In these rare cases, either the 50t or 90t percentile fuel load
was used to more accurately represent the fuel load across the entire treatment site.
Additionally, the fuel moisture content decreased during long-term storage at the lab.
When weighing out fuels to create the burn beds, we adjusted fuel loading by size
class accordingly.
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Table 1—Location and treatment information for each of the masticated sites. Sites are sorted by age since time of treatment

oldest to youngest.

Time since
Land management Moisture Mastication | Treatment | mastication
agency Site code | regime Dominant species method year (yrs)
Boise Experimental . .
Forest, Idaho Amber Dry Pinus ponderosa Rotating head 2004 10
Pinus ponderosa,
Manitou Experimental . Pseudotsuga menziesii, .
Forest, Colorado MEFChip Dry Symphoricarpos sp., Chipper 2004 10
Juniperus sp.
JEs oG Pinis momticoly Lot
Experimental Forest, DC1 Moist . o Rotating head 2004 9
occidentalis, Clintonia
northern Idaho : . .
uniflora, Linnaea borealis
Manitou Experimental Pinus ponderosa,
P MEFWS Dry Pseudotsuga menziesii, Rotating head 2005 9
Forest, Colorado .
Arctostaphylos uva-ursi
Santa Fe National Pinus ponderosa, Horizontal
Forest, New Mexico LG Dry bunchgrass, Fragaria sp. drum head 2006 8
Experimental Forest, PRCC1 Moist rophya “a . Rotating head 2007 6
occidentalis, Clintonia
northern ldaho .
uniflora
Valles Caldera National Pinus ponderosa, Carex Horizontal
Preserve, New Mexico Vel Dry sp., bunchgrass drum head | 2007-2008 6
Pinus ponderosa,
Boise Experimental Pseudotsuga menziesii, .
Forest, Idaho AmberNew Dry Purshia tridentata, Rotating head 2010 4
Symphoricarpos sp.
San Juan National Pinus ponderosa,
Skelton Dry Pseudotsuga menziesii, Rotating head | 2010-2011 3
Forest, Colorado oo
Artemisia tridentata
. . . Mower and
Black Hills Experimental BHMix Dry Pinus ponderosa, . whole tree 2012 )
Forest, South Dakota Arctostaphylos uva-ursi .
yarding
. . Pinus ponderosa,
ceaslnl g i = BHMow Dry Arctostaphylos uva-ursi, Mower 2012 2
Forest, South Dakota .
Symphoricarpos sp.
Santa Fe National Pinus ponderosa, Carex Horizontal
Forest, New Mexico PAL Dry sp. drum head 2011-2012 2
Priest River Z)—Z:leﬁi) PL’Cﬁata/PIT;ZaZa Horizontal
Experimental Forest, PR3 Moist ophyia, 2011 2
monticola, Larix drum head
northern Idaho . .
occidentalis
Valles Caldera National Pinus ponderosa, Horizontal
Preserve, New Mexico ve2 Dry bunchgrass, Ribes sp. drum head 2012 2
University of Idaho Pinus ponderosa Horizontal
Experimental Forest, Ul Moist p ’ head, boom 2014 0
Physocarpus malvaceus
northern Idaho mounted
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SITE: AMBER
(2001, Rotating Head)

BURN DATE
Figure 2—This sample fuel bed e
construction shows the masticated
fuel prior to adding the excelsior
and pine needles at the bottom of

the bed for ignition.
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were used to collect data on the total mass lost as

<
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the bed burned. The slope of the bed was adjusted DONENNNNN NN and pine needles;
by raising one end of the fuel bed to the correct graduated S.9inches or 5 cm)
slope. range

poles

Fuel beds were conditioned in an environmental chamber at 95 °F (35 °C) and 3
percent humidity for at least 36 hours prior to burning to reduce moisture content as
much as possible in all fuel categories. At the time of ignition, samples of 1-hr, 10-hr,
and 100-hr fuels were collected and placed in a drying oven set to 212 °F (100 °C)
for 72 hours. These fuel moisture measurements were used to determine the moisture
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content of each fuel category, as well as the oven-dry weight for the fuel load needed
in fire behavior modeling (table 2).

Experimental Burns

Experiments were conducted at the U.S. Forest Service’s combustion facility at
the Missoula, Montana, Fire Sciences Laboratory. The combustion facility is a large,
environmentally controlled chamber. Additional information on the combustion facil-
ity may be found in Christian et al. (2004). During the experiments, air temperature
in the burn chamber was approximately 69.8 °F (21 °C). Relative humidity was not
controlled and approximated that of the outside ambient air. The burn chamber does
not include the ability to adjust wind speed, and the burns had the potential to be too
intense to burn in the wind tunnel. Therefore, wind speed was not explicitly factored
into the experiments.

The fuel bed was inclined at either 11.75 (low) or 21.25 (moderate) percent slope.
Graduated range poles were placed at 0.5, 1.0, and 2.0 ft (0.15, 0.30, 0.61 m) along
the fuel bed. Each burn was filmed using a GoPro Hero 3+ Silver Edition HD video
camera. Cloth screens were set up on each side of the burn platform to block air flow
during the experimental burn. The screens also aided in blocking any light from inter-
fering with the video.

Two halogen work lights on either side of the video camera tripod (fig. 4) were
focused on the material in an effort to preheat the air above the fuel and facilitate
burning to simulate solar heating. A third light was placed on the opposite side of

Figure 4—The actual burn bed configuration
consisted of the burn platform, graduated
range bars, halogen lights, and a video
camera. Notice the excelsior and pine
needles at the bottom of the photo that were
used to ignite the fuel bed.
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the fuel bed over a layer of shredded aspen wood (excelsior) used for igniting the
experimental burn beds. This third light was turned off at the time of ignition since it
interfered with the video recording.

All of the fires were ignited from a line of excelsior and pine needles (5.9 inches;
15 cm wide) at the beginning of the fuel bed (fig. 3). The material was ignited with
a single pass at the bottom edge of the excelsior mix using a handheld butane torch.
Rate of spread was calculated as the amount of time it took the fire to travel the 1-ft
distance between the 2" and 3 graduated poles in the measurement zone (fig. 3).
Flame height was recorded using the height measures on the graduated poles. Both
minimum and maximum flame heights were recorded for each burn. Consistency of
the flaming front was first measured visually and later verified using the video from
each burn.

We tested for statistical relationships between time since mastication and fire
behavior using the Kendall tau (K) statistical method, which is a nonparametric
rank-correlation measure that estimates and assesses the strength of the relationship
between fire behavior and time since mastication. With this metric we do not assume
a cause-and-effect; we only test for a relationship between time since mastication and
fire behavior. All experimental beds were used in the analyses.

Fire Behavior Modeling

Surface fire behavior was estimated using BehavePlus version 5.0.5. Predicted
surface fire rate of spread was obtained using Rothermel’s fire spread model (Albini
1976; Rothermel 1972), while flame length was estimated using Byram’s (1959)
equation. Moisture values were calculated from samples collected and oven-dried at
the start of each burn; values are summarized in table 3. Surface fire behavior rate of
spread and flame length from our experimental burns were compared to three stan-
dard and five custom fuel models (table 4) (Anderson 1982; Glitzenstein et al. 2006;
Knapp et al. 2011; Scott and Burgan 2005). The three standard fuel models were 11
(light logging slash), SB1 (low load activity fuel), and SB2 (moderate load activity or
low load blowdown) (Anderson 1982; Scott and Burgan 2005). These three fuel mod-
els were the most representative of the 53 standard fuel models given the fuel loads
measured for the experimental sites. Custom fuel models for masticated fuel have
been developed by Knapp et al. (2011) for California chaparral and by Glitzenstein
et al. (2006) for pine forests in the southern U.S. These custom fuel models were also
compared to the experimental burns since they were designed specifically for masti-
cated fuel.

Table 3—Fuel moisture values for 1-hr, 10-hr, and 100-hr fuel
classes were measured during the experimental burns.

Fuel moisture Minimum  Average = Maximum
percent

1-hr fuel 3 5 8

10-hr fuel 2 5 7

100-hr fuel 2 5 8

Live woody fuel 150 150 150

USDA Forest Service RMRS-RP-107. 2018. 9



Table 4—Standard and published custom fuel model characteristics were used in fire behavior simulation. A dash represents
a value that was not needed in a given fuel model.

Glitzenstein et al.

Standard fuel models Knapp et al. (2011) (2006)
Low Moderate High Transect, Transect,

11 SB1 SB2 load? load? load®  shallow®  deep®
1-hr fuel load Mg ha"! 0 3.36 10.09 7.8 12.7 17.6 8.31 8.31
10-hr fuel load Mg ha! 0 6.73 9.53 5.5 13.3 29.4 241 241
100-hr fuel load Mg ha 0 24.66 8.97 0.7 2.8 13.1 35.15 35.15
Live herbaceous fuel Mg ha™! 0 0 0 0 0 0 0 0
load
Live woody fuel load ~ Mg ha'! 0 0 0 0 0 0 0.95 0.95
1-hr surface area-to- m2m3 4921 6562 6562 2461 2461 2461 6562 6562
volume ratio
Live woody surface m2 m3 — — — — — — 5249 5249
area-to-volume ratio
Fuel bed depth m 0.30 0.30 0.30 0.11 0.16 0.27 0.05 0.30
Dead fuel moisture of  percent 15 25 25 25 25 25 25 25
extinction
Dead fuel heat k) kg‘1 18622 18622 18622 18622 18622 18622 18622 18622
content
Live fuel heat content k) kg’1 — — — — — — 18622 18622

a Knapp et al. (2011) developed custom fuel models for sites in California that were initialized with standard model SB2 for three levels of
loading.

b Glitzenstein et al. (2006) developed a custom fuel model for sites in South Carolina that were initialized with standard fuel model SB3 and
used two different fuel bed depths.

We compared the results of the modeling effort to observed values from the ex-
perimental burns. While we recorded measured values of flame height and modeled
estimates of flame length, the two are quite similar in this instance. Since the experi-
ment did not include wind and the slopes were relatively low, the resulting flames
were nearly vertical, so that flame height could be used as a proxy of flame length in
these experiments.

Results

Experimental Burns
Fires That Did Not Burn Completely

In 16 of the 45 experimental fires, the fuel bed did not burn completely (fig. 5),
and we were unable to calculate a rate of spread in the measurement zone (fig. 3).
These beds exhibited smoldering fire behavior, which cannot be calculated using
Rothermel’s (1972) fire spread model. All 10 of the fuel beds containing fuels mas-
ticated using a mower or chipper exhibited smoldering fire behavior. Most failed to
burn the entire fuel bed as there was very little fuel (fuel bed depth) to facilitate fire
spread.
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Figure 5—This fuel bed from the Black Hills Experimental Forest, South Dakota (BHMix) showing fire behavior during the
flaming (a) and smoldering (b) phases, is typical of burns that did not completely burn the fuel bed, with the fire stopping
about halfway. The gray ash at the beginning of the burn is the excelsior used to ignite the fuel bed. Arrows indicate
upslope.

Fires That Did Not Burn Homogeneously

An additional 11 burns either failed to burn the entire fuel bed or exhibited strong
effects from interactions with the sides of the fuel bed. Two different behaviors were
observed. In some cases, the center of the bed burned more quickly than the edges
(fig. 6). In other cases, one side burned to the end of the bed before the other (fig. 7).
The remainder of the fuel bed then burned primarily through flanking fire (fig. 7).

In most of these experiments, we were unable to obtain reliable estimates of either
flanking fire rate of spread or head fire rate of spread in the measurement zone.

Fires That Burned Completely and Homogeneously

The remaining 18 burns demonstrated fairly steady progression with sustained
burning rates throughout the experiment. We were, therefore, able to calculate a rate
of spread and flame length across the measurement zone for further analysis. Fire
behavior was minimal in all of these burns, and there was no measurable difference

Figure 6—This fuel bed from the Priest River Experimental Forest, in northern Idaho (PRCC) during (a) and after (b) the burn,
is typical of fires that exhibited edge effects. In this example, the flaming front at the center of the bed is 1 ft (0.3 m)
ahead of that at the edges. The fire then burned to the end of the fuel bed through a combination of flanking and head
fires. Arrows indicate upslope.

USDA Forest Service RMRS-RP-107. 2018. 11



Figure 7—This fuel bed from the Santa Fe National Forest, New Mexico (PAL), showing fire behavior during the flaming (a)
and smoldering (b) phases, is typical of burns that exhibited flanking fire. This flanking fire was responsible for burning the
entire fuel bed. Arrows indicate upslope.

in fire behavior among sites (table 5, fig. 8). Rate of spread at all sites was less than
1.0 ft/min (0.3 m/min), with an average of 0.3 = 0.2 ft/min (0.1 = 0.06 m/min). Flame
heights ranged from 0.25 ft to 3.0 ft (0.08 m to 0.91 m). Average minimum flame
height was 0.5 £ 0.2 ft (0.2 £ 0.06 m), while average maximum flame height was 1.4
+ 0.8 ft (0.4 + 0.2 m). Behind the flaming front, flames typically died out in less than
30 minutes (table 5), while smoldering may have continued for significantly longer
(data not shown). The two fuel beds with the longest flame duration across the fuel
bed (VCI1 and PAL) contained a mix of fuels from all fuel load categories.

Statistical Relationships

We tested all of the experimental burns to determine if there was a relationship
between the age of the fuel and fire behavior (table 5; see also Sikkink et al. 2017).
Statistical analysis reveals that there was no relationship between time since mastica-
tion and any of the following parameters: fuel load (Kt = 0.009; P = 0.94), maximum
flame length (Kt = 0.014; P = 0.90), or surface rate of spread (K= 0.020; P = 0.93).
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Figure 8—These observed rates of spread and flame lengths for the 18 burns demonstrate that overall rates of spread (a) were
low, and flame lengths (b) were fairly small.
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Figure 9—Rate of spread (a) and flame length (b) were modeled using three standard and five custom fuel models. The five

custom fuel models were originally developed for fuel beds in CA and SC (see table 4). In all cases, the modeled fire
behavior overestimated actual fire behavior. ROS = surface rate of spread

There was a slight relationship between time since mastication and minimum flame
length (K =-0.250; P = 0.03).

Fire Behavior Modeling

Rothermel’s (1972) fire spread model requires a steady-state fire burning through
relatively homogeneous fuels. Therefore, 18 of the 45 experimental burns were used
in our fire behavior modeling effort described below. The remaining 27 experimental
burns were excluded from the fire behavior modeling because they failed to meet
these criteria.

All of the fuel models described previously were compared with results from the
18 fuel beds that could be modeled for fire behavior in this study (fig. 9). Modeled
fire behavior was minimal, with rates of spread less than 2 ft/min (0.6 m/min) and
flame lengths less than 4 ft (1.2 m). Most estimates of flame length were less than
2.5 ft. (0.8 m). In general, all of the fuel models overestimated both observed rate of
spread and minimum flame length, with SB2 generating the highest estimates. The
fuel models more accurately modeled observed maximum flame length values.

Within the masticated fuels that could be modeled for fire behavior, several impor-
tant aspects of burning were observed, none of which can be predicted using current
fire behavior models.

1. Once ignited, fuel beds from sites with larger (100-hr and larger) fuel typically
burned longer (fig. 10).

2. The smaller (1-hr and 10-hr) fuel facilitated fire spread, while the large fuel
continued burning after the flaming front had passed. Once the flames died out,
many beds continued to smolder for at least an hour.

3. Rate of spread and flame height tended to increase as the bed burned, which is an
indication that the fires did not reach steady-state conditions.

4. Mastication method appeared to have some impact on burning. As stated earlier,
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Figure 10—The fuel bed on the left (a) is taken from the Manitou Experimental Forest, Colorado (MEFWS). The fuel bed on
the right (b) is taken from the Deception Creek Experimental Forest, northern Idaho (DC1). Mastication was done using a

rotating head in both areas. Arrows indicate upslope. These two different fuel beds burned very differently, even though
the same masticator head was used.

none of the fuel beds from sites treated with a chipper or mower burned the
complete length of the fuel bed, and we were unable to estimate the fire behavior.

5. Often, larger pieces of fuel acted as a barrier to fire spread. Flames burned around
or under the larger fuel. These larger fuels tended to light after the flaming front
had passed, a result of residual burning and heat generation during the smoldering
phase.

Discussion

We did not find a relationship between time since mastication and fire behavior.
All of the sites were treated no more than 10 years prior to sampling, and most of the
wood was quite sound. Decomposition was not readily apparent and would likely not
have been great enough to affect fire behavior. Sites with masticated fuel older than
10 years or in which decomposition was readily apparent (e.g., “punky” or soft, rot-
ted wood) would be expected to show different fire behavior than the ones included
in this study.

Mastication method appeared to have some impact on burning. As stated earlier,
none of the fuel beds from sites treated with a chipper or mower burned the complete
length of the fuel bed, and we were unable to estimate the fire behavior. We hypoth-
esize that the fuel beds that exhibited smoldering fire behavior were too shallow and
dense to provide the necessary air flow to ignite the fuel without the assistance of
wind. These results are similar to those of Glitzenstein et al. (2006), who measured
slow rates of spread and identified large patches of unburned fuel in their prescribed
burn experiments in field conditions that were composed of shallow fuel beds. There
did not appear to be a clear relationship between mastication type and fire behavior
for the sites where a rotating head or horizontal drum head was used. Some of the
fuel beds with these mastication methods were able to be used in analysis; others
were not.

USDA Forest Service RMRS-RP-107. 2018. 15



There are two possible reasons why fuel beds did not burn homogeneously. First,
our fuel beds were relatively narrow and the edges of the fuel bed had an effect on
the fuel as mentioned previously. Second, the halogen lights affected fire behavior
in unpredictable ways. In many cases, the side of the fuel bed with the halogen light
burned faster than the side on which the halogen light was removed. There were also
experimental burns in which the side without the halogen light burned faster. These
edge effects were not consistent among sites, or even within a site, making it difficult
to determine exactly what caused the fire behavior observed in these 11 burns.

Given that all of our burns occurred at low moisture levels, we were unable to
distinguish between fire behavior at moist and dry sites. However, we were unable to
get any of the fuel beds to burn at higher moisture contents, such as those typically
found in areas like the Priest River Experimental Forest in northern Idaho (data not
shown). Our sites had very little litter to carry the fire or provide the energy necessary
to ignite the larger fuels. This limits the utility of our experiments in determining the
importance of such factors on observed fire behavior.

With the exception of fuel model SB2, the predicted values of rate of spread
and flame length from the fuel models included in this report are reasonably close
to observed values of fire behavior in this study (fig. 9). Observed rates of spread
in the fairly dry conditions were minimal—at less than 1.0 ft/min (0.3 m/min) and
flame lengths less than 3.0 ft (0.9 m). These rates are consistent with those found in
other studies of fire behavior in masticated fuel (Glitzenstein et al. 2006; Knapp et
al. 2011). The fuel model with the shallow fuel bed as described in Glitzenstein et
al. (20006; fig. 9, transect, shallow) modeled a zero rate of spread and flame length
for our fuel beds. Glitzenstein et al. (2006) found similar results when developing
the fuel model. They hypothesized that the depth of the fuel bed included in the
fuel model was too shallow for the Rothermel fire spread model to calculate a rate
of spread or flame length. We have included it in figure 9 for completeness, but
it has been removed from further discussion. These results, however, support our
hypothesis for patchy burning in the shallow fuel beds observed in our laboratory
experiments.

Results are also consistent with field measurements from Glitzenstein et al.

(2006) and Knapp et al. (2011) who documented low rates of spread and minimal
flame lengths. In standard firefighting nomenclature, this indicates that the fire can
generally be attacked at the head by firefighters using hand tools (NWCG 2018;
Roussopoulos 1974).

Limitations were also evident from these burns that made further analyses difficult.
These include the following conditions:

1. All of the fuel beds had similar moisture values because of conditioning (table 3).
While this did not allow us to test the full range of fire behavior expected in the
field, we were able to test a near worst-case scenario for extremely dry fuel.

2. No live fuels were included in the experimental burns. However, live woody fuel
moisture is a required input for two of the custom fuel models. It was assumed
to be 150 percent to represent mature foliage in which new growth is nearly
complete. Both “low” (12 percent) and “moderate” (21 percent) slopes were used
in the calculation of fire behavior.
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Figure 11—Residual heating and glowing combustion can be an inportant factor when burning these fuels. The fuel bed on
the left (a) is taken from the Manitou Experimental Forest, Colorado (MEFWS). The fuel bed on the right (b) is taken from
the Deception Creek Experimental Forest, northern Idaho (DC1). Both photos were taken approximately 26 minutes after
the experimental fuel beds were ignited and when the last flame had disappeared. Arrows indicate upslope. Many of these
burns continued for more than an hour.

3. Wind speed was assumed to be zero.

4. Differences in rate of spread during the burn, while visually apparent, could not be
measured in the experimental design.

5. Although fire behavior can be measured and modeled in any direction, many of
the burns exhibited only flanking fire, which is much slower than heading fire. We
were unable to measure flanking fire rate of spread because the fuel beds were too
narrow.

6. Intensity was not measured for the burns in definitive units.

7. We were unable to burn these fuels in a field setting. Therefore, we cannot apply
the results from our modeling experiment directly to fire behavior in masticated
fuel treatment areas, but rather indirectly with experimental results from more
targeted research on field burning of masticated fuel.

8. Residual burning, likely important in these scenarios, cannot be modeled using
current fire behavior modeling systems (fig. 11).

9. Several of our experimental burns in heavy fuel, although limited in size,
smoldered for more than an hour.

10. We were unable to determine the role of spotting of embers into untreated fuel,
particularly under windy conditions.

Facilitated learning analyses (FLASs) specifically written for incidents occurring in
masticated fuels document that wind plays an important role in reigniting fires from
smoldering embers (residual burning). Given the minimal fire behavior observed
in this and other studies, resistance to control as a result of glowing combustion is
likely to be of greater concern. Anecdotal evidence and FLAs (e.g., Bass et al. 2012;
McDaniel 2013) indicate that masticated fuel burns much longer than other fuel
types. Masticated fuel is rarely spread evenly across an area, and pockets of high fuel
concentrations have been known to smolder for long periods of time (Kreye et al.
2014). This was also reflected in our experimental burns. When residual heat remains,
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Conclusion

a change in the weather could cause transition to flaming in surface fuels, leading
to issues related to resistance to control (Bass et al. 2012). Thus, there is a need to
ensure that a fire is completely out (admittedly a difficult task in heavily masticated
fuel) or to establish extended patrols to verify that fires do not reignite and spread.

While spotting models have been developed for torching trees, wind-driven sur-
face fires, burning piles, and active crown fire (Albini 1979, 1981, 1983; Albini et al.
2012), they cannot be used for masticated fuel because of the unique nature of these
fuel beds. Currently, no model can adequately estimate the spotting distance of an
ember from masticated fuel. Therefore, managers should consider if there is a need
for a buffer between masticated fuels and the treatment unit boundary. This buffer
would be free of masticated fuels and treated if necessary to minimize potential rate
of spread and flame length (Bass et al. 2012).

Several authors have described a need for custom fuel models in masticated
fuels (e.g., Kreye et al. 2014), but there are many uncertainties when modeling fire
behavior in these novel fuel beds. When Rothermel’s fire spread model is used, the
assumptions and limitations are well-documented (e.g., Andrews 2014; Rothermel
1972, 1983; Rothermel and Rinehart 1983): the fuel bed is assumed to be homo-
geneous, fine fuel is considered the primary carrier of fire, and fire behavior is
calculated for a heading fire (in direction of maximum spread). We were unable to
create custom fuel models for our burns because (1) there were no observational data
from the field for comparison to results from any fuel models we would create, (2)
wind was not considered during the experiments, and (3) we were unable to measure
the observed flanking fire behavior or associate it with forward spread predictions
from the model. In addition, other factors must also be considered in the modeling
effort. Masticated fuel is unique in that there can be a large component of woody fuel
in all dead fuel classes and the fuel load may be dominated by larger fuel. Fuel bed
depth can also be heavily influenced by the machine used for mastication as can the
particle sizes and shapes (Keane et al. 2017). These factors make it difficult to cal-
culate the components of a custom fuel model using the data from our experimental
burns.

This study was designed to characterize fire behavior in masticated fuels at sites
in these four States through experimental burns and fire behavior modeling. Overall,
there was great variety in the observed fire behavior, and age of the fuel did not ap-
pear to play a role in fire behavior. The type of mastication and resulting fuel bed
depth did play a role. Some fuel beds, such as those that were chipped or mowed,
failed to burn completely. These beds tended to have more densely packed fuel or
shallow fuel beds. Other beds exhibited flanking fire behavior caused by edge effects
from the fuel bed or from large pieces of fuel restricting fire spread. Still other fuel
beds burned fairly evenly and consistently across the entire bed.

Given the experimental design, we were unable to create custom fuel models to
potentially improve fire behavior estimates. With the minimal fire behavior observed
in this study, uncertainties in the fire behavior models themselves (Byram 1959;

USDA Forest Service RMRS-RP-107. 2018.



Rothermel 1972) could account for differences between the observed and predicted
fire behavior (Rothermel and Rinehart 1983).

Even though the results from this study appear to contradict claims that fire in
masticated fuels is difficult to manage, these results are limited to fire behavior of a
flaming fire front in a controlled setting. The fuel beds in this study also came from
sites with little litter or grass to carry a fire. Posttreatment regeneration of grasses
and shrubs may also change the surface fuels, potentially increasing fire behavior in
masticated fuel beds.

Concerns regarding burning masticated fuel may or may not exist during initial
fire spread. Residual burning makes containment and mop up difficult, particularly in
areas with deep pockets of masticated fuel, such as those created by rotating or hori-
zontal head drums. Residual burning and spotting across the containment line have
been documented in many wild and prescribed fires in these fuel types. These issues,
particularly under windy conditions, lead to very different fire behavior both within
and outside the treated area. Wind contributes to spotting, causing embers to land
in the untreated fuel outside the treatment zone. Unfortunately, no model currently
exists to estimate spotting potential for masticated fuel. It is important, therefore, to
model not only the fire behavior within the treatment area, but also the fire behavior
in surrounding vegetation.

Glitzenstein et al. (2006) wrote of their masticated materials, “Practically speak-
ing, all the fire behavior predictions ... were close enough to measured values to
satisfy a prescribed burner or wildland firefighter,” (p. 25). Similarly, none of the ob-
served or modeled fire behavior in this study would seem to indicate changes to fire
management operations. With this in mind, the SB1 fuel model effectively approxi-
mated fire behavior in our experimental fuel beds. However, rate of spread and flame
length at the flaming front are arguably not the most important considerations for
land managers during a wildland fire in masticated fuels. Canopies at masticated sites
are usually opened to reduce the potential for crown fire. This characteristic alone
reduces the potential for wildfire severity, transition to crown fire, and firefighter
injury (Battaglia et al. 2010; Kreye and Kobziar 2015; Reiner et al. 2009; Schwilk et
al. 2009).

There is still abundant research needed for these novel fuel beds. Future research
should focus on the length of time pockets of fuel are capable of burning to assist
managers in prioritizing patrol and mop up. Spotting models should be developed,
and these models could well depend on the type of masticator used to treat the fuels.
Laboratory models need to be verified in the field to be of more use to managers.
Further, models need to be developed for rate of spread for a flanking fire in addition
to rate of spread for a heading fire because both behaviors are important in this type
of fuel. Research is also needed regarding the increased loading of surface fuels that
burn for long periods of time and that could cause long-term heating of soil or plant
parts (such as roots and stems), affecting a masticated site’s ability to regenerate after
a fire.

USDA Forest Service RMRS-RP-107. 2018. 19



References

20

Agee, James K.; Skinner, Carl N. 2005. Basic principles of forest fuel reduction
treatments. Forest Ecology and Management. 211: 83-96.

Albini, Frank A. 1976. Computer-based models of wildland fire behavior: A
user’s manual. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station. 68 p.

Albini, Frank A. 1979. Spot fire distance from burning trees—A predictive model.
Gen. Tech. Rep. INT-56. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Intermountain Forest and Range Experiment Station. 73 p.

Albini, Frank A. 1981. Spot fire distance from isolated sources—Extensions of a
predictive model. Res. Note INT-309. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Forest and Range Experiment Station. 9 p.

Albini, Frank A. 1983. Potential spotting distance from wind-driven surface fires.
Res. Pap. INT-309. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Intermountain Forest and Range Experiment Station. 27 p.

Albini, Frank A.; Alexander, Martin E.; Cruz, Miguel G. 2012. A mathematical
model for predicting the maximum potential spotting distance from a crown fire.
International Journal of Wildland Fire. 21(5): 609—-627.

Anderson, Hal E. 1982. Aids to determining fuel models for estimating fire behavior.
Gen. Tech. Rep. INT-122. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Intermountain Forest and Range Experiment Station. 22 p.

Andrews, Patricia L. 2014. Current status and future needs of the BehavePlus Fire
Modeling System. International Journal of Wildland Fire. 23: 21-33.

Bass, B.; Zimmerman, T.; Romero, F.; [et al.]. 2012. Lower North Fork prescribed
fire: Prescribed fire review. Denver, CO: State of Colorado Department of
Natural Resources, 152 p. https://www.colorado.gov/pacific/sites/default/
files/12Wildfire%20FireReview.pdf [Accessed 2017 September 25].

Battaglia, Mike A.; Rocca, Monique E.; Rhoades, Charles C.; [et al.]. 2010. Surface
fuel loadings within mulching treatments in Colorado coniferous forests. Forest
Ecology and Management. 260: 1557-1566.

Bradley T.; Gibson J.; Bunn, W. 2006. Fire severity and intensity during spring
burning in natural and masticated shrub woodlands. In: Andrews, Patricia L.;
Butler, Bret W., comps. Fuels management—How to measure success: Conference
proceedings; 2006 March 28-30; Portland, OR. Proceedings RMRS-P-41. Fort
Collins, CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station. 419-428.

Brennan, Teresa J.; Keeley, Jon E. 2015. Effect of mastication and other mechanical
treatments on fuel structure in chaparral. International Journal of Wildland Fire.
24: 949-963.

Brewer, Nolan W.; Smith, Alistair M.S.; Hatten, Jeffery A.; [et al.]. 2013. Fuel
moisture influences on fire-altered carbon in masticated fuels: An experimental

study. Journal of Geophysical Research: Biogeosciences. 118: 1-11. doi:
10.1029/2012JG002079.

USDA Forest Service RMRS-RP-107. 2018.


https://www.colorado.gov/pacific/sites/default/files/12Wildfire%20FireReview.pdf
https://www.colorado.gov/pacific/sites/default/files/12Wildfire%20FireReview.pdf

Busse, M.D.; Hubbert, K.R.; Fiddler, G.O.; [et al.]. 2005. Lethal temperatures during
burning of masticated forest residues. International Journal of Wildland Fire. 14:
267-276.

Byram, George M. 1959. Combustion of forest fuels. In: Davis, Kenneth P. Forest fire
control and use. New York, NY: McGraw-Hill Book Co.: 61-89.

Christian, T.J.; Kleiss, B.; Yokelson, R.J.; [et al.]. 2004. Comprehensive laboratory
measurements of biomass-burning emissions: 2. First intercomparison of open-
path FTIR, PTR-MS, and GC-MS/FID/ECD. Journal of Geophysical Research:
Atmospheres. 109: D02311. doi: 10.1029/2003JD003874.

Cochrane, M.A.; Moran, C.J.; Wimberly, M.C.; [et al.]. 2012. Estimation of wildfire
size and risk changes due to fuels treatments. International Journal of Wildland
Fire. 21: 357-367

Dickinson, M.B.; Johnson, E.A.; Artiaga, R. 2013. Fire spread probabilities for
experimental beds composed of mixedwood boreal forest fuels. Canadian Journal
of Forest Research. 43: 321-330.

Glitzenstein, Jeff S.; Streng, Donna R.; Achtemeier, Gary L.; [et al.]. 2006. Fuels and
fire behavior in chipped and unchipped plots: Implications for land management
near the wildland/urban interface. Forest Ecology and Management. 236: 18-29.

Hood, Sharon M.; Wu, Ros. 2006. Estimating fuel bed loadings in masticated areas.
In: Andrews, P. L.; Butler, Bret W., comps. Fuels management—How to measure
success: Conference proceedings; 2006 March 28-30; Portland, OR. Proceedings
RMRS-P-41. Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station: 333-340.

Keane, Robert E.; Sikkink, Pamela G; Jain, Theresa B. 2018. Physical and chemical
characteristics of surface fuels in masticated mixed-conifer stands of the US Rocky
Mountains. Gen. Tech. Rep. RMRS-GTR-370. Fort Collins, CO: U.S. Department
of Agriculture, Forest Service, Rocky Mountain Research Station.

Keeley, Jon E.; Weise, David R.; Brennan, Teresa. 2013. Effectiveness and effects
of mastication fuel treatments in non-forested vegetation of southern California.
Final Report: Joint Fire Science Program Project ID 10-1-01-23. 30 p. Boise, ID:
Joint Fire Sciences Program. https://www.firescience.gov/projects/10-1-01-23/
project/10-1-01-23 final report.pdf [Accessed 2017 September 25].

Kobziar, Leda N.; Long, Alan J.; Zipperer, Wayne C. 2013. Characterization of
masticated fuelbeds and fuel treatment effectiveness in southeastern US pine
ecosystems. Final Report: Joint Fire Science Program Project ID 10-1-01-

16. 22 p. Boise, ID: Joint Fire Sciences Program. https://www.firescience.
gov/projects/10-1-01-16/project/10-1-01-16_final report.pdf [Accessed 2017
September 25].

Knapp, Eric E.; Busse, Matt D.; Varner, J. Morgan, I1I; [et al.]. 2008. Masticated
fuel beds: Custom fuel models, fire, behavior, and fire effects. Final Report: Joint
Fire Science Program Project ID 05-2-1-20. 17 p. Boise, ID: Joint Fire Sciences
Program. https://www.firescience.gov/projects/05-2-1-20/project/05-2-1-20 final
report.pdf [Accessed 2017 September 25].

Knapp, Eric E.; Varner, J. Morgan; Busse, Matt D.; [et al.]. 2011. Behaviour and
effects of prescribed fire in masticated fuelbeds. International Journal of Wildland
Fire. 20: 932-945.

USDA Forest Service RMRS-RP-107. 2018. 21


https://www.firescience.gov/projects/10-1-01-23/project/10-1-01-23_final_report.pdf
https://www.firescience.gov/projects/10-1-01-23/project/10-1-01-23_final_report.pdf
https://www.firescience.gov/projects/10-1-01-16/project/10-1-01-16_final_report.pdf
https://www.firescience.gov/projects/10-1-01-16/project/10-1-01-16_final_report.pdf
https://www.firescience.gov/projects/05-2-1-20/project/05-2-1-20_final_report.pdf
https://www.firescience.gov/projects/05-2-1-20/project/05-2-1-20_final_report.pdf

22

Kreye, Jesse K.; Kobziar, Leda N. 2015. The effect of mastication on surface fire
behaviour fuels consumption and tree mortality in pine flatwoods of Florida, USA.
International Journal of Wildland Fire. 24: 573-579.

Kreye, Jesse K.; Brewer, Nolan W.; Morgan, Penclope; [et al.]. 2014. Fire behavior in
masticated fuels: a review. Forest Ecology and Management. 314: 193-207.

Kreye, Jesse K.; Kobziar, Leda N.; Zipperer, Wayne C. 2013. Effects of fuel load and
moisture content on fire behavior and heating in masticated litter-dominated fuels.
International Journal of Wildland Fire. 22: 440445,

Kreye, Jesse K.; Varner, J. Morgan; Knapp, Eric E. 2012. Moisture desorption
in mechanically masticated fuels: Effects of particle fracturing and fuelbed
compaction. International Journal of Wildland Fire. 21: 894-904.

Lyon, Zachary D.; Morgan, Penelope; Stevens-Rumann, Camille S.; [et al.].
[Submitted]. Fire behavior in masticated forest fuels: Lab and prescribed burn
experiments. International Journal of Wildland Fire.

McDaniel, Josh. 2013. Mastication fuel treatments in the Southwest. Flagstaft,
AZ: Northern Arizona University, School of Forestry, Southwest Fire Science
Consortium. 10 p. http://swfireconsortium.org/wp-content/uploads/2013/01/
mastication_final.pdf [Accessed February 14, 2017].

Mclver, James D.; Stephens, Scott L.; Agee, James K.; [et al.]. 2013. Ecological
effects of alternative fuel-reduction treatments: Highlights of the National Fire and
Fire Surrogate study (FFS). International Journal of Wildland Fire. 22: 63-82.

Nacher, Luke P.; Achtemeier, Gary L.; Glitzenstein, Jeff S.; [et al.]. 2006. Real-
time and time-integrated PM2.5 and CO from prescribed burns in chipped and
non-chipped plots: Firefighter and community exposure and health implications.
Journal of Exposure Science and Environmental Epidemiology. 16(4): 351-361.

National Wildfire Coordinating Group (NWCG). 2018. Incident response pocket
guide. PMS 461. Boise, ID: National Wildfire Coordinating Group. 128 p. https://

www.nwcg.gov/sites/default/files/publications/pms461.pdf [Accessed June 8,
2018]

Perchemlides, Keith A.; Muir, Patricia S.; Hosten, Paul E. 2008. Responses of
chaparral and oak woodland plant communities to fuel-reduction thinning in
southwestern Oregon. Rangeland Ecology and Management. 61(1): 98—109.

Reiner, Alicia L.; Vaillant, Nicole M.; Fites-Kaufman, JoAnn; [et al.]. 2009.
Mastication and prescribed fire impacts on fuels in a 25-year old ponderosa
pine plantation, southern Sierra Nevada. Forest Ecology and Management. 258:
2365-2372.

Rothermel, Richard C. 1972. A mathematical model for predicting fire spread in
wildland fuels. Res. Pap. INT-115. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Forest and Range Experiment Station. 40 p.

Rothermel, Richard C. 1983. How to predict the spread and intensity of forest and
range fires. Gen. Tech. Rep. INT-143. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Forest and Range Experiment Station. 161 p.

Rothermel, Richard C.; Rinehart, George C. 1983. Field procedures for verification
and adjustment of fire behavior predictions. Gen. Tech. Rep. INT-142. Ogden, UT:
U.S. Department of Agriculture, Forest Service, Intermountain Forest and Range
Experiment Station. 25 p.

USDA Forest Service RMRS-RP-107. 2018.


http://swfireconsortium.org/wp-content/uploads/2013/01/mastication_final.pdf
http://swfireconsortium.org/wp-content/uploads/2013/01/mastication_final.pdf
https://www.nwcg.gov/sites/default/files/publications/pms461.pdf
https://www.nwcg.gov/sites/default/files/publications/pms461.pdf

Roussopoulos, Peter J. 1974. Fire intensity levels. National fuel management
workshop. Unpublished paper on file with: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station, Fire Sciences Laboratory, Missoula,
MT. 3 p.

Schiks, T.J.; Wooten, B.M. 2015. Assessing the probability of sustained flaming in
masticated fuel beds. Canadian Journal of Forest Research. 45: 68—77.

Schwilk, Dylan W.; Keeley, Jon E.; Knapp, Eric E.; [et al.]. 2009. The National Fire
and Fire Surrogate study: Effects of fuel reduction methods on forest vegetation
structure and fuels. Ecological Applications. 19(2): 285-304.

Scott, Joe H.; Burgan, Robert E. 2005. Standard fire behavior fuel models: A
comprehensive set for use with Rothermel’s surface fire spread model. Gen. Tech.
Rep. RMRS-GTR-153. Fort Collins, CO: U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station. 72 p.

Shakespear, Alan Wyatt. 2014. Fuel response to mechanical mastication of pinyon-
juniper woodlands in Utah. Dissertation. Provo, UT: Brigham Young University.
53 p.

Sikkink, Pamela G.; Jain, Theresa B.; Reardon, James; [et al.]. 2017. Effect of
particle aging on chemical characteristics, smoldering, and fire behavior in mixed-
conifer masticated fuel. Forest Ecology and Management. 405: 150—165.

Southworth, Darlene; Donohue, Jessica; Frank, Jonathan L.; [et al.]. 2011.
Mechanical mastication and prescribed fire in conifer-hardwood chaparral:
Differing responses of ectomycorrhizae and truffles. International Journal of

Wildland Fire. 20: 888-896.

Stottlemeyer, Aaron D.; Waldrop, Thomas A.; Wang, G. Geoft. 2015. Prescribed
burning and mastication effects on surface fuels in southern pine beetle-killed
loblolly pine plantations. Ecological Engineering. 81: 514-524.

Weinhold, Bob. 2011. Fields and forests in flames: Vegetation smoke and human
health. Environmental Health Perspectives. 119: a386—a393. doi: 10.1289/
ehp.119-a386.

Wolk, Brett; Rocca, Monique E. 2009. Thinning and chipping small-diameter
ponderosa pine changes understory plant communities on the Colorado Front
Range. Forest Ecology and Management. 257: 85-95.

USDA Forest Service RMRS-RP-107. 2018. 23



Federal Recycling Program h) Printed on Recycled Paper



In accordance with Federal civil rights law and U.S. Department of Agriculture (USDA) civil rights regu-
lations and policies, the USDA, its Agencies, offices, and employees, and institutions participating in or
administering USDA programs are prohibited from discriminating based on race, color, national origin,
religion, sex, gender identity (including gender expression), sexual orientation, disability, age, marital sta-
tus, family/parental status, income derived from a public assistance program, political beliefs, or reprisal
or retaliation for prior civil rights activity, in any program or activity conducted or funded by USDA (not

all bases apply to all programs). Remedies and complaint filing deadlines vary by program or incident.

Persons with disabilities who require alternative means of communication for program information (e.g.,
Braille, large print, audiotape, American Sign Language, etc.) should contact the responsible Agency or
USDAs TARGET Center at (202) 720-2600 (voice and TTY) or contact USDA through the Federal Relay
Service at (800) 877-8339. Additionally, program information may be made available in languages other
than English.

To file a program discrimination complaint, complete the USDA Program Discrimination Complaint
Form, AD-3027, found online at How to File a Program Discrimination Complaint and at any USDA
office or write a letter addressed to USDA and provide in the letter all of the information requested in
the form. To request a copy of the complaint form, call (866) 632-9992. Submit your completed form or
letter to USDA by: (1) mail: U.S. Department of Agriculture, Office of the Assistant Secretary for Civil
Rights, 1400 Independence Avenue, SW, Washington, D.C. 20250-9410; (2) fax: (202) 690-7442; or (3)

email: program.intake@usda.gov.

To learn more about RMRS publications or search our online titles:
RMRS web site at: https://www.fs.fed.us/rmrs/rmrs-publishing-services




	Introduction
	Methods
	Site Description
	Fuel Bed Creation
	Experimental Burns
	Fire Behavior Modeling

	Results
	Experimental Burns
	Statistical Relationships
	Fire Behavior Modeling

	Discussion
	Conclusion
	References

